A substantial nightside ionosphere has been observed on Venus during most orbits of the Pioneer Venus Orbiter. However, on some orbits during which the solar wind dynamic pressure was large, the nightside ionosphere seems to have almost disappeared, existing only as irregular patches of low-density plasma. We interpret these observational results using a two-dimensional theoretical model of the ionosphere of Venus in which empirical horizontal velocities are adopted. We show that the degree to which horizontal transport of ions from day to night can maintain the nightside ionosphere depends on two parameters: (1) the flow velocities and (2) the ionopause height at the terminator. We also investigate the role of electron precipitation in supporting a nightside ionosphere. Our model also provides indirect evidence for an enhanced deuterium to hydrogen ratio on Venus.
(2) horizontal transport of ions from the dayside to the nightside.
Let us consider the first mechanism briefly. Electron fluxes of about 107 cm-2 s-• have been measured in the wake of Venus [Gringauz et al., 1977 [Gringauz et al., , 1979 Spenner et al., 1981] and are possibly of ionosheath origin. These electrons precipitate into the neutral atmosphere ionizing and exciting the neutral gas until they are stopped at an altitude of about 140 km (see Nagy et al. [1983] for the many references that exist for calculations of these processes). The observed electrons are not energetic enough to produce the lower peak at 120 km which is often seen, and perhaps more energetic electrons also exist [Kumar, 1982] or perhaps the lower peak is due to metallic ions [Butler and Chamberlain, 1976] . Energetic ion precipitation is another possibility for the lower peak given that keV ions were occasionally seen in the wake of Venus by Veneras 9 and 10 [ Verigin et al., 1978] . A major deficiency of the electron impact ionization mechanism is that it provides an insufficient source of ionization at altitudes higher than about 160 km, whereas PVO in situ measurements indicate that a substantial ionosphere often exists as high as a few thousand kilometers. The second mechanism, horizontal transport, should be able to maintain the nightside ionosphere if there is a sufficiently large reservoir of ions on the dayside and if the horizontal transport velocities are large enough. The former is certainly true, and the horizontal ion drift velocities measured by the PVO ion mass spectrometer and by the retarding potential analyzer 1. Day to night neutral winds can drag the ions along at lower altitudes where the ion-neutral collision frequency is sufficiently large.
2. The very large day to night ion density gradient implies a very large day to night pressure gradient force.
3. Ionospheric plasma can be convected as a consequence of the solar wind-ionosphere interaction, at least in the vicinity of the ionopause. Knudsen et al. [1981] favor the pressure gradient force as the primary cause of the horizontal ion drifts, although ?erez-deTejada [1980] has demonstrated that the viscous interaction of the solar wind with the ionosphere can impart considerable momentum to the ionosphere. In the present paper, we will circumvent this whole difficult question by using empirical horizontal velocities which are in general agreement with those given by Knudsen et al. [1980 . We will then consider what type of nightside ionosphere results from these assumed [1979] demonstrated that a lower ionosphere can be maintained by the downward O + flow and that this process is, in fact, somewhat more important than precipitation. Implicit in these one-dimensional models, seeking to explain the maintenance of the nightside ionosphere, is the assumption that there is a sufficient horizontal flow of O + at higher altitudes to allow the desired downward diffusive flux from higher to lower altitudes deep on the nightside.
Up to now we have been discussing the nightside ionosphere as if it were always the same; however, observations indicate the existence of a wide variety of spatial and/or temporal structures on the nightside. For example, very deep on the nightside, localized plasma depletions often exist and are called ionospheric 'holes.' These holes are associated with strong radial magnetic fields [Brace et al., 1982; Luhmann et al., 1982] . Another example is that when the solar wind dynamic pressure is large, the whole nightside ionosphere has been observed to 'disappear,' leaving only irregular patches of low-density and rapidly flowing plasma [Cravens et al., 1982] . The nightside magnetic field on these occasions is rather strong, uniform, and horizontal whereas normally the nightside magnetic field is quite irregular and relatively weak. Although the primary intent of our two-dimensional model is to explain the 'average' nightside ionosphere, the model can also provide some insight into disappearing ionospheres.
The dayside ionosphere near the terminator is the reservoir of ions which keeps the nightside supplied by means of the large horizontal velocities. The dayside ionopause height is quite low when the solar wind dynamic pressure is large [see Brace et al., 1983] , and therefore the 'reservoir' is smaller under these circumstances, so that the supply of ions to the nightside might be expected to be severely diminished. The two-dimensional model is able to duplicate at least some aspects of disappearing ionosphere conditions using a low ionopause height at the terminator. In fact, we show that the two important parameters, which to a large degree determine the ability of horizontal transport to maintain the nightside ionosphere , are (1) the ionopause height at the terminator and (2) the horizontal flow velocity. Three different ionopause heights are used in the calculations to be discussed in this paper: (1) 'low' (270 km), (2) 'medium' (500 km), and (3) 'high' (876 km). The diffusion coefficient for the sth species is given by Ds - These horizontal velocities are large enough to be supersonic near the terminator and at higher altitudes. The terms in the complete vertical momentum equation [Schunk and Nagy, 1980 ] associated with even supersonic horizontal velocities are quite negligible and were not included in (2). However, the existence of supersonic velocities profoundly alters the nature of the horizontal momentum equation, which is another reason we do not attempt to solve this equation here, but instead adopt values for u,, as we have just described.
Another difficulty arises with velocities greater than about 5 km s-•, namely the effect of the centrifugal force resulting from the motion parallel to the planetary surface. This force should be included in the momentum equation (2) and acts to reduce the effective gravitational acceleration. The actual effective plasma scale heights at very high altitudes (> 533 km) should therefore be somewhat larger than the ones we will calculate. This will be the only significant effect of our neglect of the centrifugal force term, and since we will not display results for altitudes greater than 400 km, even this effect will not be apparent.
Neutral Atmosphere and Ionosphere Parameters
The neutral atmospheric densities and the electron, ion, and neutral temperatures used for the dayside are basically the same as those used by Nagy et al. [1980] . Both dayside and nightside neutral densities used for this paper agree rather well with the values measured by the PVO neutral mass spectrometer and are essentially (though not exactly) taken from an empirical model [Hedin et al., 1983] . There are some indications from the satellite drag data that the densities obtained from the neutral mass spectrometer are about 60% too low [Hedin et al., 1983] . The implications of these uncertainties in the neutral density will be discussed later. Some selected values of the neutral density and temperature at Nitric oxide was not measured by PVO, so we used the theoretical densities calculated by Rusch and for the dayside. We also used these same NO densities for the nightside, but these densities are almost certainly too large to be consistent with the Stewart et al. 
Physical Processes
The physical and chemical processes relevant to this paper were discussed by Nagy et al. We have used the two-stream method [Nagy and Banks, 1970 ] to calculate the ionization rates associated with the precipitation of electrons with a spectrum which is the Venera 9 one shown in Figure 2 . Details of the application of the twostream technique to Venus can be found in the works by Cravens et al. [1978, 1980] and Nagy et al. [1980, 1983] . Both elastic and inelastic electron impact processes are included; secondary and tertiary electrons resulting from primary ionization events are also taken into account. Our resulting ion production rates for three ions are shown in Figure 3 . The maximum rate of ionization takes place at altitudes near 136 km. However, if we had used neutral densities which are 1.6 times larger than the ones used here, as discussed earlier, the peak ionization would occur at about 138 km. In any case, the actual neutral densities are sufficiently variable that on any particular day the altitude of the peak could easily be 3 or 4 km higher or lower. The incoming electron fluxes are quite variable, and this also contributes to variability in the magnitude and height of the peak ion production rates.
Precipitating electrons can generate airglow emissions as well as ionization, and the two-stream technique is capable of calculating airglow intensities. For example, we find that the vertical intensity of the atomic oxygen 1304-/• feature is about 10 R, which agrees rather well with typical values measured by the ultraviolet spectrometer on PVO [Stewart, 1982] . As Stewart [1982] has pointed out, these 'auroral' nightglow observations constitute proof that the electrons often do reach the atmosphere and thus are indeed an in situ source of ionization.
Chemical Processes
Chemical production and loss must be included in the production and loss terms (Ps and Ls) which appear on the righthand side of (1). The full chemical scheme used in this paper, which includes 29 ion-neutral reactions and five dissociative recombination reactions, was described by Naqy et al. [1980, 1983] . We review here only the most important aspects of this 
Dayside
The two-dimensional equations were initially solved for solar zenith angles near 0 ø (subsolar point) out to 90 ø (the terminator); then the terminator solutions were used as a starting point for the nightside calculations. The two types of velocity profiles used in these calculations were described in the preceding sec- 150 km [Taylor et al., 1982] . However, the average altitude of the peak electron density from PVO radio occultation measurements is 142 km, although peaks were sometimes seen as high as 150 km [Kliore et al., 1979] .
Figures 12-16 all indicate that the combination of a high ionopause and horizontal velocities from (4) results in a more than adequate maintenance of the nightside ionosphere if no H2 is included in the neutral atmosphere. The calculated peak electron density as a function of SZA is shown in Figure 16 . Clearly, horizontal transport is actually supplying too much ionization; the peak electron densities calculated deep on the nightside are actually greater than the radio occultation values. Of course, obtaining lower densities is quite easy; one only needs to lower the horizontal velocities and/or the ionopause height. And as we mentioned earlier in the paper, our assumed horizontal velocities (equation (4)) are somewhat too large above 500 km. In fact, both the velocity and ionopause conditions will vary with time and will result in variable nightside densities, which is consistent with the observations. . One of the major shortcomings of the twodimensional model (without electron precipitation) is that it places the peak near 150-155 km whereas the radio occultation measurements place it near 140-145 km. However, the PV ion mass spectrometer more often than not sees the nightside peak at these higher altitudes [Taylor et al., 1982] . What is the role of electron precipitation in maintaining the nightside ionosphere? Electron impact ionization can help to lower the altitude of the peak a few kilometers by building up the 'bottomside.' If precipitation alone were operating, then the calculated peak would be between 135 km and 138 km, which is 4-6 km below the observed average peak height. However, we can conclude that if horizontal transport is operating in full force (i.e., reasonable horizontal velocities and at least moderate ionopause heights), then electron precipitation makes very little overall contribution to the maintenance of the nightside ionosphere especially at higher altitudes. This is a conclusion also reached by Spenner et al. [1981] . In fact, precipitation by itself cannot normally be operating, because although it maintains densities at the peak, it does not properly maintain the topside ionosphere, and because the ion composition associated with electron precipitation only (a lot of O2 + or NO + but very little O +) is not what is observed. However, it must be reiterated that the horizontal transport velocities used in this paper are somewhat too large and actually oversupply the nightside ionosphere, but if lower velocities were employed, transport would be less efficient, and electron precipitation could make a larger relative contribution to the maintenance of the nightside ionosphere near the peak. Even though electron precipitation does not make a dramatic contribution to the maintenance of the nightside ionosphere under normal or average conditions, it will certainly become more important and maybe even dominant when the horizontal drift velocities are small and/or the ionopause height is rather low such as might occur when the solar wind dynamic pressure is rather high. It should be remembered that the optical observations of Stewart [1982] indicate that nighttime particle precipitation is usually present. Gringauz et al. [1982] recently reiterated their original findings, based on Venera 9 and 10 observations, that the precipitating electron fluxes are quite variable and are significant as a nightside ionization source.
When the solar wind dynamic pressure is high and the dayside ionopause altitude is very low, then the nightside ionosphere is observed to disappear, even at altitudes as low as PVO periapsis [Cravens et al., 1982] . We have shown in this paper that horizontal transport cannot maintain the nightside ionosphere under these circumstances, and it seems plausible that electron precipitation will probably not be able to operate efficiently either because the observed magnetic field for disappearing ionospheres is roughly horizontal and relatively coherent and thus should be able to at least partially shield the atmosphere from these electrons. Electron precipitation relative to horizontal transport is certainly more important under those circumstances, however. There is some support for this last statement from PVO radio occultation data. For instance, the ionosphere for orbit 55 appears to be a disappearing ionosphere from the in situ data ], yet an ionospheric peak with a density of about 104 cm-3 is seen near 140 km and almost no ionosphere is seen above the peak by the radio occultation experiment [Kliore et al., 1979] . Here is a case where horizontal transport is clearly not operating but electron precipitation seems to be occurring. On the other hand, virtually no ionosphere is seen (either at the peak or at higher altitudes) for orbit 56 (A. Kliore, private communication, 1983) . In this case, neither horizontal transport nor electron precipitation can be going on.
Our two-dimensional model results also have some implications for the issue of the deuterium to hydrogen ratio on Venus, which in turn has implications for estimates of the original amount of water on Venus [ 
